Tafoni research has tended to focus on issues around definition and differences rather than trying to develop general concepts for understanding the nature of tafoni. This paper uses the concepts of fitness landscapes and morphospaces to develop a standardized and dimensionless phase space within which to represent, visualize and analyze a dataset of 800 tafoni collected from Antarctica. Within this phase space it is possible to identify clustering of tafoni forms and to illustrate how tafoni development is constrained by a relational hierarchy of rock structure, processes and geometry or form.
Introduction
3 question as to whether alveolar weathering is but a precursor of tafoni and/or whether the size distinction is simply a product of the host lithology. According to Evelpidou et al (2010, p. 34) , following Penck (1894) , "honeycomb weathering formations bigger than 0.5 m are defined as Tafoni, whereas formations smaller than 0.5 m are defined as Alveoles"; seemingly the whole defined as 'honeycomb weathering'. Mustoe (1982) provides extensive information regarding nomenclature and some of the confusion resulting from non-standardization of terminology. Cavernous weathering is often used to encompass all the other terms (e.g. French and Guglielmin, (2000) refer to tafoni as an attribute of cavernous weathering) but may also be considered as an entity in its own right (e.g. Dragovich, 1967) . Thus, the question arises as to quite what are tafoni and where, if at all, do they fit within the spectrum of other associated terms?
To some extent, many of the background components of this discussion have been covered by Viles (2005) and the reader is directed towards this excellent review. Key within the study of Viles (2005 Viles ( , p. 1471 ) is the opening statement: "Understanding the initiation, development and significance of landforms remains a central issue in geomorphology." Indeed, the whole issue regarding initiation of these weathering forms remains an enigma (Boxermann, 2005, p.79) . However, to the above points must also be added the caveat that 'terminology' (see Hall et al., 2012) requires we all understand the same thing through the use of specific terms; this does not appear to be the case with respect to the terms used here. In part, this may well underpin the observation by Turkington (2004, p.128 ) that "as more information has been presented their (tafoni and alveoli) possible origins, rather than being clarified, seem to have become more confused." Perhaps some of this confusion is related to our use 4 of terms and that perhaps the forms these terms refer to are either a continuum (rather than discrete) or are discrete and not part of a continuum (see Inkpen, 2005 , for a discussion on these issues within geomorphology). Viles (2005) clearly uses the term 'cavernous weathering' to encompass a number of forms (notably tafoni and alveoli -see her Fig. 1 ) as too do Turkington and Phillips (2004) . Here it is argued, much as discussed elsewhere for other processes (see Hall et al., 2012) , that the foundational terminology 'cavernous weathering' itself creates confusion -is it (cavernous weathering) the 'process' (as actually implied by the term) or the product (the 'cavern') and if it is the 'cavern' then quite what does this encompass; or is it implying (as does appear to be the case) both process and form?
Where, as it would appear here, both process and form are included within the term, then this creates many issues (much as it has in nivation -see Thorn and Hall, 2002) as to the conflating of process and form within one term. Thus, while Viles (2005) makes an excellent case for the advances made regarding 'cavernous weathering', notably the self-organizational attributes of form development, the very real problems of both terminology and process remain. Indeed, Viles (2005 Viles ( , p. 1472 alludes to this very issue where it is stated that the overall outcome "rather than providing a consensus viewpoint or indicating a clearly developing research field, seems to be 'mine are different to yours'." This may, though, be either the very issue or that various workers, simply because the terminology is failing us, do not recognize that they are indeed dealing with comparable forms. 
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There clearly is much confusion regarding the nature of the formative weathering (or, rather 'rock decay': see Hall, et al., 2012 ) -essentially everything from chemical to physical to physico-chemical processes, and almost any combination thereof. This, in itself, need not be a problem as this paper argues. Indeed, the very extent and variety of suggested processes is not necessarily unexpected given that cavernous weathering is azonal in occurrence (Turkington and Phillips, 2004) and found in a variety of lithologies (see Mustoe, 1982, Table 1 ). Given the variety of identified causative processes, the product appears to be a classic 'convergence of form', as already noted by Turkington and Phillips (2004, p. 666) . That being the case, then perhaps the question is one of why do these different processes produce the same end result?
In turn this may beg the question, as to whether the processes are any different in their effect on the rock; the effect is to solely disassociate the constituent materials. The nature of that disassociation may well be controlled more by lithology than process.
In other words, if 'flaking' (the effect) is the outcome, it can be the product of a variety of causes (wetting-drying, thermal stresses, salt weathering, freeze-thaw, chemical processes, etc) acting alone or in combinations. If that were the case then it may be less important as to what the formative process was and, in turn, suggests rock properties may play the key role (see Hall et al., 2012) . It may also be, however, that it is the relations between the form and process and the factors that control these relations, rather than the dominance or otherwise of any particular component, that is the essential aspect to understanding any generalized conceptualisation of tafoni evolution.
Form and process relationships
7 Burridge and Inkpen (2015) highlight this in the mathematical model of tafoni development. In this paper rock properties provide the context within which process operate to produce the tafoni form. One might argue that, given convergence of form resulting from a multitude of identified processes, then maybe the focus of research should be on underlying factors such as rock properties that can constraint development or, in a more subtle conceptual framework, the relations between factors that may be canalizing development. This paper suggests that this seemingly unsatisfactory state of affairs may help in developing a novel conceptual framework within which to interpret tafoni. This paper suggests that viewing tafoni within the conceptual framework of fitness landscapes and morphospaces permits 'fuzziness' in definitions within the context of the factors that constrain development and which define the parameter phase spaces for tafoni development. In order to advance this argument we first outline the nature of fitness landscapes and morphospaces. Secondly, we identify the three key factors and their parameter phase spaces that constrain tafoni as derived from the existing literature.
We highlight the importance of a relational view of these factors for defining the canalizing outcome in phase space. By canalizing we mean that the parameter spaces confine and guide the development of forms along specific pathways. As individual tafoni become increasingly embedded within these developmental pathways, the constraints imposed by these parameter spaces become increasingly difficult to overcome. Lastly, using this conceptual framework we illustrate how it might be used to interpret simple dimensional measurement of tafoni derived from Dronning Maud Land in the Antarctic. From this analysis we are able to show that tafoni inhabit a restricted area of the phase space and that the detailed analysis of dimensions within 8 this zone may not yield any additional information about process and form relationships. If appropriate then this conceptual framework suggests which aspects of form-process relationships should be the focus of further research into tafoni development.
Fitness Landscapes and Morphospaces
Within the biological literature, as noted by McGhee (2007) , the concept of 'adaptive landscapes' originates with Wright (1932) who used the concept to visualize the fitness of genes, although he coined the term 'fitness landscape' for his visualization (Fig 1) . The adaptive landscape represents all the possible combinations of genes that an organism might produce. From these possible combinations, those that actually existed could be identified and plotted. The fittest of the existing combinations could be thought of as peaks rising from the relatively unfit surface. In Fig. 1 , for example, there are two possible 'fit' peaks and Wright proposed that evolution by natural selection would force gene combinations to climb the nearest peak, always moving gene combination towards fitter variants. Movement is also informed by local conditions, so even if a nearby peak is lower than the lowest peak globally, variants will move towards that nearest, lower peak. The topography of a fitness landscape provides a roadmap of possible evolutionary pathways. Adaptive landscapes have also been defined in hyperdimensions by Kaufmann (1995) , Gaverilets and Gravener (1997) and Gavrilets (2003) ; and with the latter suggesting that the complex and multiple nature of parameters affecting adaption result in a relatively flat but multidimensional landscape covered with holes. The holes represent locations where planes of fitness intersect and so are regions or clusters of hyperspace where fit gene 9 combinations can occur. In the above author's landscape, evolution can be 'smooth'
within the clusters but 'jumpy' as gene combinations move from one cluster to another through 'extradimensional bypasses' (Gavrilets (1997, p.311 Theoretical morphospaces are not the same as adaptive landscapes but are related to them (McGhee, 2007) . Developed by Raup (1966 Raup ( , 1967 , a morphospace can be described as a hyperspace of geometries, with axes representing different morphological traits, that represent all the forms possible if these traits are systematically altered. Within a morphospace the axes represent dimensions and form; the resulting surface is a representation of how frequently that form appears.
The morphospace provides an indication of the forms that occur in reality, and importantly, those that do not. The two types of space can be linked if the distribution of forms in the morphospace have adaptive significance. Raup (1966) , for example, studied the form of ammonoids and identified that there was a distinct pattern to this distribution in morphospace. Chamberlain (1976 Chamberlain ( , 1981 through experimental work on models, found that the two regions of morphospace created by ammonoid forms were those where swimming efficiency was maximised. Form was linked to adaptation. Regions of morphopsace do not necessarily match to peaks that optimise a specific function, but rather, as in the research into plant morphospaces by Niklas (1997 Niklas ( , 2004 , the peaks represent geometries that minimize several functional problems. This highlights that fitness is always a concept that needs to be thought of in multidimensional terms.
Combining the two spaces, McGhee (2007) develops an argument that they can be used to explore the constraints that exist upon development. given the nested series of constraints. Importantly, the extrinsic constraints remain constant and define rigid boundary conditions, whilst the intrinsic constraints vary with taxon and so are more flexible in the boundaries they prescribe. Recent work on the simulation of vegetated aeolian landscapes (Baas, 2007; Baas and Nield, 2007 , There may be a basis for seeing a conceptual analogy between morphospaces and fitness spaces and the concept of strange attractors (Phillips, 1999 (Phillips, , 2003 . Both sets of concepts discuss mapping system properties in a phase space within which certain portion of space are more likely to be populated than others. Within Phillips' discussion, strange attractors are areas of phase space to which evolutionary trajectories are drawn. In the language of morphospaces this means that the zone of the attractor will define a region of particular form characteristics. Within this region there will be a highly proportion or percentage of measured individuals. The attractor need not represent an evolutionary basin but rather the range of forms that can be 
The Spaces of Tafoni
Combining fitness landscapes and morphospaces it is possible to analyse the parameters that define the morphospaces of tafoni and then the manner in which these forms change as tafoni form clusters and developmental sequences. The morphospaces that combine to constrain tafoni formation, development and form are structural, process-based and geometric. These three morphospaces are related to each 14 Figure 3 Relationship between structural, process-based and geometric factors in morphospaces as a nested hierarchy as in Fig. 3 , in a nested hierarchy with each additional space constraining the potential location of tafoni in the morphospaces. It is important to bear in mind that the figure is a representation of multidimensional spaces of rock structure, process and geometry and their relations in two-dimensions; it is a visual aid to interpretation. Fig. 3 illustrates that tafoni development is constrained by rock structure but rock structure itself is not sufficient to determine whether tafoni develop. Rock structure instead defines a section of morphospace within which tafoni could develop. Potential tafoni development in this morphospace is further constrained by other factors as discussed below. Collectively these form the hierarchy of constraining factors as illustrated in the figure. Burridge and Inkpen (2015) outline a similar hierarchical structure to modelling tafoni development. Rock properties provide the context within which processes operate to produce a geometry of form which then feedbacks to process and affects rock properties.
Structural or rock property constraints refer to the various parameters associated with rock properties that have been identified in the past as being associated with tafoni formation. These include inherent weaknesses in the rock, fractures, cracks, as well as porosity, permeability and rock composition. It is within this structurally defined constrained morphospace that processes of weathering and erosion operate and, importantly, interact with each other and with the structural parameters. Structural morphospace may constrain the potential for tafoni to develop but it is not sufficient on its own to determine whether tafoni will develop.
Tafoni are inherently about the relations between parameter spaces. For processdefined morphospace it is not the specific processes that are important but rather the nature of the relations between these processes and between these processes and structural parameters. Processes capable of inducing stresses in the near-surface of the rock, which then result in the differentiation of the surface and subsurface properties, are how process-defined morphospace and structural morphospace interact. This means that a range of processes can be vital for tafoni formation. It is not a specific process that causes tafoni to develop but rather it is the result of process relations, in conjunction This means that it could be that different studies have revealed different clusters of tafoni and so different locations of potentiality in the relations between these parameter spaces. Once tafoni are initiated then they will develop into forms constrained by the morphospace. Although the potential forms may be varied there will be limits, boundaries, to these forms. It may be that small tafoni will always remain small as their development is confined within a specific region of tafoni morphospace. Small tafoni can not suddenly jump across morphospace and explore the region inhabited by large tafoni. Likewise large tafoni may initially develop rapidly as the relations between structure, process and geometry permit the rapid exploration of potentiality in that region of morphospace. Once trapped along a particular developmental pathway, however, it may be that the rate of growth slows as the limits to that particular pathway are reached. A deep cavern, for example, may be too deep for differentiation between surfaces to occur as weathering products can not be removed to permit further erosion. Conceptually this is limiting the space of potential development for a tafoni as it develops and alters the relations between the morphospaces of the three parameters.
Illustration of Interpretation of Tafoni Space
Tafoni The tafoni dataset was converted to dimensionless values using width/length and depth/width ratios and a phase space constructed using these dimensionless parameters as axes. The data were converted to dimensionless values to analysis form changes within the phase space rather than focusing on changes in the size of the tafoni. If the form of the tafoni, i.e. the relative dimensions of length, width and depth, did not change as it grew then more and more tafoni would occupy the same area of phase space. The morphospace produced illustrates the constraining nature of the three parameters.
Rock properties form the common context within which the tafoni develop and the single peak in morphospace implies that this constraint usually produces a single, characteristic set of forms. Process is constrained to the process specific to this environment and the geometry of form seems to be highly constrained to a limited set of ratios between the dimensions measured. The morphospace produced represents the range of tafoni form produced within this rock type, in this weathering environment and provides a template against which to map other tafoni from other environments as well as tafoni of lager and smaller dimensions. If the tafoni from other environments map into a similar zone then this implies that the relations between rock properties, process and geometry are consistent across environments and so forms converge into a specific region of morphospace. If, however, tafoni from other environments map to a different region of morphospace then this implies that there are significant differences in how the relationships between the factors are expressed in different environments. In this case there is a basis for claiming some tafoni are different from others and to question the common terminology to describe them.
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5.
Conclusion
Expressing the data within a standardized and dimensionless phase space allows the researcher to visualize the forms within a common setting. This can help the researcher to identify patches of the phase space where forms cluster, and to provide a definition of the characteristics that define these clusters in terms of dimensional relationships. Comparing the location of clusters between studies could help to identify if there is a common pattern to clustering within this phase space or if the location and nature of the clusters vary with each study. This will help to distinguish and define tafoni that present common patterns in form relationships and tafoni whose form relationships express their site-specific nature. Making this distinction will help researchers define forms which could be classified as tafoni in any environment as opposed to forms that exhibit tafoni-like tendencies but which cluster in a different part of the phase space. 'Mine is different from yours' becomes less of a problem as here is a way of visualizing if and by how much mine is different from yours and if the difference might be significant.
The role of form and process, as well as the relative importance of other factors, can be analysed using the hierarchical model of morphospaces presented above. The central importance of rock structure defines the limits to the range of forms possible and so could be viewed as the overarching control on the potential for tafoni to develop. Whether tafoni develop or not is not solely determined by rock structure however. The relationships between rock structure and weathering and erosion are vital for determining if tafoni develop and which areas of the phase space the forms 25 inhabit. Producing stress in the near-surface is the key outcome that affects tafoni production and the evolving relationships between processes and form, tightly constrained by structure, establishes the developmental and geometric relationships that are expressed by the forms measured. This could mean that different processes produce different clusters in phase space and so process identification may be aided by mapping these clusters. It may be, however, that the clusters are so broad, as in this example, that the differentiation between processes is not feasible. This could imply that the range of forms produced within the constraints of the morphospace defined by rock structure is potentially large as subtle variations in process-form relationships can be expressed by a wide range of dimensional outcomes. With only one set of data it is difficult to assess if this is a general characteristic of tafoni but setting the discussion within this common framework would enable these key hypotheses to be tested.
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